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ABSTRACT 



The concept of division by polynomials in 
feedback «hifc registers (FSRs) la extended for 
self-testing of VLSI. Some fundamentals of FSRs 
relevant to their usage aa teat pattern generators 
and test response compressors In digital teatlng 
are reviewed. Various design factors and design 
trade-offs affecting the implementation of the 
technique at different levela of assembly are dis- 
cussed. Problems associated with fault -cove rage 
. evaluation are highlighted. 

1. INTRODUCTION 

The advent of VLSI technology and Increasing 
complexity of VLSI chips and systems will make 
mandatory the inclusion of some form of test fea- 
ture at all levels of assembly. Two distinct forms 
of the test features known today are the Design for 
(external) Test (OFT) and Self-teat. The DFT 
approach includes such techniques as LSSO. Scan- 
path, and Scan/set CO-D] which employ chained 
aerial register paths to simplify the task of test- 
ing by external teat equipment* These techniques 
have been successful In ameliorating the teat prob- 
lems for the present level of network complexities. 
As systems are put on chips and these chips become 
cheaper, the time and cost of teaflng by DFT tech- 
niques and external automatic test equipment (ATE) 
will become excessive* Self-testing will also 
become complex aa the functions grow In complexity, 
but its implementation will only Impact the hard- 
ware costs* Since the hardware coata continue to 
decline, the self-test approach la expected to keep 
pace with semiconductor technology. 

1.1 Requirements of Self-testing 

The self-testing can be either on-line or off- 
line. The off-line self-testing has three princi- 
pal requirements: 

1. A source of test Inputs (data, clocks, snd 
controls) „ 

2. A mesne of evaluating teat responses. 

3. Control of the test procedures, and test 
status reporting. 

When the self-testing Is at the lowett level of 
assembly, i.e.. self 'testing of a single function, 
the last requirement generally Involves receiving 
of appropriate start and atop self-test commands. 



But, when self-testing Involves an assembly of 
several self -testing functions, dedicated hardware 
may be needed to fulfill this requirement. 

There are many ways in which the first two 
requirements can be met. For example, the test 
vector source can be a built-in ROM, a counter or 
an algorithmic pattern generator such as feedback 
shift register (FSR) . The response evaluator can 
employ a built-in ROM to store expected test 
responses, or could employ any of the recursive 
data compressor* such as sum checks, transition 
counting, or signature analysis with feedback shift 
registers. JThls_ paper explores in detail the use 
of feedbeck shift registers to meet requ irements of, 
'feoththe test vector source and the response eval- 



A feedback shift register, whether used as a 
test vector source or a test response evaluator, 
performs the basic operation of division by a poly- 
nomial in CF(2) [4]* For this reason, the self- 
testing schemes employing FSRs are called "POLYDIV 
aelf-testlng" schemes or simply POLYDIV. 

1.2 Elements of Feedback Shift Register 

A linear feedback shift register (Figure 1*1) 
la a finite state machine consisting of intercon- 
nections of essentially three elements, namely, 
memory elements (delay flip-flops), moduio-2 sum- 
mers (exclusive -or gates) , and binary constant 
multiplier*. (Multiply by I Impilee a connection 




FIGURE l.i Feedback Shift Register for 
Polynomial Division ("PDR") 

and by 0 Implies abaence of a connection). The 
feedback is applied through Che constant multi- 
pliers. The constants are actually coefficients 

of the polynomial c x r +c 
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r - number of stages io FSR 

a - number of FSR bite used i« parallel 

p - period of PH-sequence 

I m leg or delay 

In maximal length seqoenees, the choice of 
characteristic polynomial has oo effect on die 
autocorrelation function* which depend only on the 
punt er of stages and the number of FSR blta used 
In parallel, the sequence and the period in non- 
maximal sequences depend on the starting seed* 
their autocorrelation functions, therefore, need 
analysis of actual sequence* 

The PH-sequence generator eliminates the need 
for deterministic test vector generation and test 
vector storage. However, it is difficult to pre- 
dict the effectiveness, .i.e., the length of re- 
sequence required for achieving desired fault 
coverage [7 J. For a given function under teat, 
this may be affected by a choice of the character- 
istic polynomial and the seed. The best tool 
available today for evaluating a PH-sequence la the 
fault-simulation programs. For the aame level of 
confidence in testing, the random test set is 
usually longer than the deterministic test set. 
This Increases the cost of fault simulation, but 
the cost of test generation la not incurred. 

2.2 Data Compression in FSRs 

The main motivation for using data compres- 
sion in digital testing la CO reduce the amount of 
test response data to be handled and hence the cost 
of fault detection. Io using FSRs for data com- 
pression, the probability of error eacape and its 
effect on fault coverage are the greatest concerns. 

Serial Data Compression : A data stream at the 
aerial Input of FSRs in Figures 1.1 and 1.2 ia 
recursively compressed into its specific signature. 
Ihle signature ia the last remainder of dividing 
the input stream by the character latic polynomial* 
The error detection by FSRs ia baaed on the fact 
that if the input stress haa one or more bits in 
error, it is likely to leave a different remainder 
than the no-error remainder. This error detection 
Is relatively independent of the length of input 
sequence t snd is primarily dependent on the regis- 
ter length r. The error coverage (i.e., the frac- 
tion of all the error combinations detected by the 
compressor) li 

" J L -1 

For long Input sequences, the error coverage be- 
comes I - 2~ C . 

Parallel Data Compression : In applications 
where the channel width Is greater than one, the 
data compression would require a para I lei- to- aerial 



converter to uea the serial compressor described 
above. Thie would be alow and cumbersome. Alter- 
natively, to speed up the compression, several 
serial compressors (one for each bit in the chan- 
nel) can be used. However, due to the multitude 
of FSRs snd their signatures, this alternative la 
not economical. 

The parallel compressor shown In Figure 2.1 
provides economical and speedy compaction of 




FICURE 2-1 FSR for parallel Data Compression 
parallel data. Its error coverage ia 
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In limiting the case when mL becomes large, the 



error coverage become a 1-2 
as for the aerial compressor. 
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vhlch is the same 



The process of parallel compression is diffi- 
cult to visualize readily. One way to describe it 
Is as follows. 

The data compression of a sequence of L vec- 
tors of c bits by an r-bit parallel compreaaor is 
equivalent to superposition of L many time- 
staggered polynomial dlvlalon processes, each 
initialized and triggered by a parallel input to 
the compressor. The final signature, therefore, 
l a composed of the modulo-2 summation ot remainders 
'from all t he division process es. This equivalence 
and the derivation of the error coverage are ex- 
plained in the Appendix. 

Due to the speed and hardware economy, the 
parallel data compressors are favored in digital 
testing. The choice of character la tic polynomial 
has no effect on error coverage, but may affect 
the fault coverage. Also, the error coverage can- 
not be taken aa a direct measure of effectiveness 
of the compressor because errors due to faults are 
not equally likely and not Independent. One 
approach in [8] characterizes classes of dependent 
errors that are likely to occur and develops error 
models to determine the likelihood of their detec- 
tion. But, the method does not give the complete 
measure as all potential errors are not considered. 
The best available measure today is the fault 
.coverage as determined by fault simulation. Thia 
la dlscuased in Section 5* 



(or simply c r c r .j * • * c^q) . This polynomial is 

called the characteristic polynomial of the FSR. 
The transition from state to state in the FSR is 
equivalent to the process of division by the char* 
acteristic polynomial, the dividend is shifted in 
via the serial input o'f the FSR (tn.s.b. first), snd 
the quotient appears serially at the output from 
the right-most atage of FSR. The remainder after 
each division step is in the content of the FSR, 

Figure 1.2 shows an alternative form of FSR 
which also performs the division by the character- 
istic polynomial c^' + c^'U* 
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The quotient obtained l« the 
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FIGURE 1,2 
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An Alternative Feedback 
Shift Register (*TSR W ) 



same as before, but the content of the FSR does not 
represent the remainder of the division process. 
Both implementationa perfprm the division by poly- 
nomial, but when one needs to be distinguished from 
the other, the former has been called a Polynomial 
Divider Register or simply a "FDR." ■ - - - 

Both the FSR implementationa compress the 
serial input stream into a word eoual in length to 
the number of atages in the FSR. This is the basis 
for its use as a data compressor in digital test- 
ing. Also, if the FSRs arc initialised to a non- 
sero value and the aerial Input la tied to a con- 
stant (usually a sero) t the autonomous behavior of 
the FSR generates, a pseudorandom binary cycle of 
atates vhlch csn be used as a test vector aet. 

In the following sections, the use of FSRs and 
polynomial division is analysed in detail. Empha- 
sis is on on-chip application, but the technique la 
equally applicable for other levela of assembly. 
Wherever the differences la trade-offe and appli- 
cation techniques arise, they vill be mentioned. 

2. FSRs 1H DIGITAL TEST! KG 

^•l PM-Seouence Generation in FSRs 

In digital testing, two attributea of pseudo- 
random number sequences (PN -sequence) are impor- 
tant, namely, the sequence period or length, and 
the statiatical properties. They are eummarlted 

below. 

Sequence Lenfltl, fr][s]s The length or period 
of a PN-sequence is determined by the number of 



stages r in the FSR and its characterise poly- 
nomial. (The degree of characteristic polynomial 
equals the number of stages in FSR.) tfhen the 
characteristic polynomial is a primitive, the FSR 
generates a maximal length sequence. If the char- 
acteristic polynomial is irreducible, but non- 
primltlve, then the period of the sequence is s 

factor of 2 T -1. The period of a non-maximal 
sequence depends on the starting value called aeed. 
A list of irreducible polynomials of degree 2 
through 34 is given In [AJ. 



Statistical Properties : All maximal length 
sequences sstlsfy the following randomness proper- 
ties [5]. 

1- In every period, the number of l*s nearly 
equals the number of -l f s. 
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2. In every period, half the runs (runs are 
bursts of l'a or -I's in the PN-sequence) have 
length one, one-fourth have length two, one-eighth 
have length three, etc, as long as the number of 
runs so indicated exceeds I. Moreover, for each 
of these lengths, there are equally many runs of 
I'e and -l*s. 



3. 
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The autocorrelation function is two- 
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I I - 0 (mod p) 



m - p 1 * 0 ("^ P> 

A. The above autocorrelation function re- 
latee to the aerial binary sequence output from 
any of the FSR stages. When m aerial bits of an 
r atage FSR are uaed together to form a binary 
word, the following relationship determines the 
autocorrelation for the m-bit binary words [6]. 
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t While doing atatiatlcal analyala, it la con- 
ventional to assume that binary sequences take 
on valuea +l f a and -l f a instead of I'e and 0*a. 



3. REQOIgPgWTS OF POLY PI V SELF -TESTING 

Figure J. I shows general features of * POLYDIV 
«elf-testing scheme. The function to be tested is 
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FICURE 3*1 General POLYOIV Self-Testing Scheme 

augmented with linear feedback shift registers on 
Its Inputs and outputs* During normal mission 
operation, these FSRs become transparent, or become 
Intermediate latches, providing registered flow 
between Inputs and outputs. On receiving the self- 
test command (SLFTST), the Mode Select & Timing 
Control (HSTQ unit Initializes Che latches in the 
two registers to preselected states. The INPUT FSR 
then provides the test vectors to all the input c 
except the clock and control Inputs. The OUTPUT 
FSR recursively compresses the test responses. The 
TEST-EKD DETECTOR raises the TSTEKD signal to indi- 
cate the completion of the test run when a pre- 
determined test-end pattern is generated in the 
IKPUT FSR. At this time the final content (signa- 
ture) of the OuTPOT FSR is verified by the 
SIGNATURE VERIFIER by comparing against the ex- 
pected signature. The expected signature itself 
Is predetermined and hardwired in the SIGNATURE 
VERIFIER. If an error is detected, an alarm Is 
raised via the PASS/FAIL signal. The function 
reenters the Mission mode on removal of the SLFTST 
cornea nd. 



4. DESICW FACTORS IK POLYDIV SELF-TESTINC 

4.1 FSRs and Interface Dependence 

Since the function to be tested Is sandwiched 
between two FSRs. it may be important to make aure 
that the FSRs do not introduce excessive delays or 
additional clock intervals in the function's normal 
operation. There are several alternatives in 
implementing FSRs. Some of them are discussed 
be low. 

Of the two forms of feedback shift registers 
(Section 1.2), *TSR*' is preferred over "PDR" for 
implementation because the feedback does not intro- 
duce exclusive-or gates between the register 
stages. For the same reason, the register can be 
easily operated as a part of a chained serial 
register (CSR) path. A section of FSR consisting 
of two stages is shown in Figure 4.1. Each stage 
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FICURE 4.1 A Section of FSR Osed In POLYDIV 

in FSR performs all or some of the following func- 
tions. 

Initialize Mode: SO - PO - Initial Value 



The FSRs provide a new test vector and com- 
press a new test response in each clock Interval. 
The test rate, therefore, is the system clock rate. 
Consequently* the clock rate can be Increased or 
decreased to evaluate performance margins. Stored 
data bursts (test vectors and expected responses) • 
are not required, nor la external automatic test 
equipment (ATE) required. 

Implementation of POLYDIV is usually straight- 
forward. Aa apparent from Figure 3.1, the POLYDIV 
does not affect the design of the basic function. 
But, it does affect the function's inter face /inter- 
connection with other functions. This impacta the 
choices in design of FSRs. Moreover, the success 
of POLYDIV testing itself is impacted by the basic 
function type and Its design. The level of 
aasembly further affecte the design of POLYDIV. 
Some of these problems and their solutions are dis- 
cussed in the following section. 



Mission Mode : SO - PO - PI 



Generate Mode 
Compress Mode 



SO - PO - SI 

SO - PO - SI © PI 



Each FSR stage (referred to aa a cell) consists of 
a master/slave flip-flop (DFF) and a data aelect- 
and-manlpuiate logic. These two parts of the FSR 
can be configured in two different vaya. Figure 
4.2(a) shows an in-atream generator cell. The 
master /a lave DFF in the cell la in the mission data 



•rr «arf 




SfT MCSCT i 

1 I 


——4 






ftmTfKmO* 


f 


t 



♦ CO 



FICURE 4.2 In-strcast and Out-stream 
Cenerator Cells 
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pjth and Is <h«red by che mission and the test 
modes. This type of cell Is used whenever the 
function hss Its own registers or latches st its 
inputs. The only additional hardware required is 
lo the data select-and -manipulate logic* 

Figure 4.2(b) shows an out-stream generator 
cell. The master /slave DFF in this configuration 
Is completely bypassed when the function Is In 
mission mode. This type of cell is used when the 
function to be tested is without any registers or 
latches of its own at its inputs. Use of in-atreom 
ceils in this type of function may Interfere with 
the timing and clocking control of the function. 

The master/slave OFF itself can be either 
static or dynamic and can be built in several vays. 
implementation of dynamic DFF takes fewer transis- 
tors than the static OFF* P0LYD1V generally does 
not require static flip-flops. 

The Implementation of a COMPRESSOR FSR is 
similar. Any of the generator cells given in Fig- 
ure 4.2 can be converted to a compressor cell by 
feeding an excluslv«-or function of PI and SI into 
the serial Input of the generator cell. 

Depending on the test and design goals, the 
FSR may only gene rate , or compress, or do both. 
A multi-mode FSR implemented in BILBO [9] operates 
either as a generator or a compressor, or provides 
a chained serial register path, or initializes 
itself. Application of multi-mode FSRs is dis- 
cussed later in this section. 

4.2 Channel Vldth Dependence 

The number of register stages in FSRs is 
usually kept equal to the number of data bits in 
the function's input /out put channels. But. the 
function's complexity and Its I/O channel widths 
may force the number of register stages to be dif- 
ferent. 

Small Input /Output Channel : Maximum period 

for a PN- sequence is 2™- 1, where ra lc the number of 

input bits. For some sequential functions, 2°-t 
test inputs ear be too few to achieve the desired 
fault coverage. A solution here is to extend the 
test length by feeding m Inputs from an extended 
r-stage FSR (r > m) . 

The data compression at a small output channel 
faces a similar problem. An FSR with a small num- 
ber of stages may have unacceptable error escape 
probability. The solution is similar. The FSR 
length can be Increased to schleve desired error 
coverage. The unused parallel compressor bits may 
be tied to logic levels zero or one (Figure 4.3). 

Large Input/Output Channel r When the Input 
channel width is large. It may not be necessary to 
apply all the input combinations ss test vectors. 
For example, a 32-bit FSR may give over four bil- 
lion patterns, but only a few hundred of the pat- 
terns may be sufficient to achieve the desired 
fault coverage. The solution requires the use of 
a truncated PH- sequence or a short sequence 
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FICURE 4.3 POLYDIV of Function With Small 
I/O Channels 

resulting from • factorable characteristic poly- 
nomial. 

the shortening of a PN -sequence affects the 
randomness properties. However, our greater con- 
cern is Its impact on the fault coverage. A fault 
simulation is required to ascertain the adequacy 
of the fault coverage. 

As the error coverage of a compressor in- 
creases with Its number of mt^ea 9 larger output 
channels are not likely to cause concern. 

4.3 Indeterminate Signatures 

Races and Ha tarda in Function ; Races and 
hazards are fatal for testing by POLYDIV. An ex- 
ample is shown in Figure 4.4(a). The normal func- 
tion operation may never get into this situation, 
but the test operation may due to pseudorandom 
test Inputs. The simulation of POLYDIV in such 
cases quickly fills up the compressor with don't 
knows ( f x*s) reflecting an indeterminate signature. 
The POLYDIV, therefore, requires that the function 
be designed to perform correctly regardless of 
circuit rise time, delay time, or fall time. 



ttUUWC TO fMiTMUK 





«*t A CMC Of StAJK. **£*AO 



FIGURE 4.4 Indeterminate Signatures 

Failure to Initialize ; Another case which 
causes indeterminate algnatures is shown in Figure 
4.4(b) . The basic function is highly sequential 
and has non-comb Inatlonal initialization (I.e., the 
master clear and preset are not available). If the 
POLYDIV initializes the FSRs only at the start of 
the test, the compressor Is quickly filled up with 
don't knows and an Indeterminate signature results. 
A solution Is to provide an operational sequence 
(so-called synchronizing sequence) which estab- 
lishes the first test state. The GENERATOR must 
be initialized at the start of the test and allowed 
to generate a synchronizing sequence to complete 
the initialization of the function to be tested. 
The compression of responses begins only after the 
function has been Initialized and the first test 
state has been established. Thus, the first 
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COMPRESSOR activity is delayed with respect to the 
first CEKERATOft activity. The Kode Select & 
Timing Control unit must provide this delay. 

4 * 4 Afgetablv of POLYPI V Modtii*« 

Implementation of a POLYOIV self-teat for a 
alngle module requires tvo FSRs, namely, « genera- 
tor and a compressor, Thla impietaentation is 
called Duplex POLYDIV- A system consisting of 
- tfltlpie modules raises pos sibilities of 
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~i^L«li^ohR«. The Implementation which "has 
bnly one FSR per nodule It called a Simplex 
roUTMV. Figure 4.5 ehows pipelined functions 
with Duplex and Simplex POLYDIV testing, in Sim- 
plex POLYOIV testing, the FSRs are capable of both 
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(a) Duplex POLYDIV 
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FIGURE 4.5 Two Types of POLYDIV for 
Pipelined Functions 

generating and compressing. Their implementation 
is similar to the multi-mode FSR in B ILBO [9]. The 
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(b) Simplex POLYDIV 

FICURE 4.6 Multi-module Network With 
Arbitrary Interconnections 

which have bullt-ln chained serl.l register -odes 
(such as 1„ BIUO) facilitate the load/uolood of 
signatures for this purpose. 

Multiplexers l„ TO(Ju i e Interconnections r.ixe 
a «ioll«r type of problem. Each compre.sor nor- 
mally has a single feult-free signature stt.ched 
to It (for Its upstream function). When sailei- 
Z I?,", pr " ent - requires storage of 
multiple signatures. .A^c entrol signature processo r 
■_gl??!f^*JgL L^' PR W^, take care o f thla, ' 
prooiem ZT ' — 

A third source of problem arises from the 
ch.nnel fan-ins and fan-outs. Due to chsnnel fan- 
ins, a function may receive its test vectors from 
-ore than one FSR. Even if the generating FSRs 
individually may have ^t^j Unj{th , e< , uence , the 
composite test sequence nay not have a maximal 
period. The length and the ef fectiveneea of such a 
test vector set may be inadequate. Channel fan- 
outs create problems in test echedullng. In the 
pipeline, the testing is done In two steps. Each 
FSR generates in one of the steps and compresses in 
the other. A reconvergent fan-out such as the one 
shown in Figure 4.o makes auch two-atep teetlng 
difficult (aaaumlng that the output of FSR CZ 
when it is compressing cannot test effectively the 
ln rl « ur « «-°f»). This incressca the testing 



time and complexity of the test scheduler. 

A feedback between the modules raises similar 
problems* It may be advantageous to employ Duplex 
POLYDIV in auch cases. • 

Function Type Dependence 

PH-sequences are excellent for most types of 
functions, except the array type functions such as 
RAM«. ROMs and PLAs. The use of random patterns 
Is not effective in detecting typical failure modes 
In RAMs. Any of the pattern sensitivity tests, 
such as Karch, Caipat, etc.. do « better Job. ROMs 
can be tested by POLYDIV. The address Is fed by 
the input FSR. The ROM contents read out sre com- 
pressed^by the output FSR. As per Thaler V 
scheme [U>], better fault detection Is obtained by 
reading the ROM in different address orders. This 
way necessitate running the Input FSR with more 
than one seed and may require multiple signatures. 

PK-sequences generally have no difficulty In 
testing FUi, except, when PlAs employ large fan- 
Ins, the testing may require much longer sequences 
than usually required by a deterministic test 
sequence. 

4.6 Assembly Level Dependence 

The function under test (TUT) in all previous 
discussion can be a single chip or s part of a 
large chip. Xt can also be comprised of several 
chips and even whole boards. The assembly level 
of the function has some distinct Implications on 
the POLYDIV design. 

The first distinction Is In the flexibility 
in the test design process. For chip level 
POLYDIV, a designer may have maximum flexibility 
in choosing and placing the constituents of a 
POLYDIV scheme, but a designer of board level 
POLYDIV may be constrained by the availability of 
particular types of chips. This also leads to the 
differences In the cost constrains* of the dif- 
ferent levels of assembly. For the chip level 
POLYDIV. the major concerns are the incremental 
transistor costs, increase in the chip area, and 
the number of pads. For the board level POLYDIV. 
the number of ICs. the board area used, and the 
pin-out are Important. 

Another Important distinction is In the fault 
isolation. A POLYDIV self-testing scheme isolates 
faults only to the extent of network between the 
^nerator-compressor pairs used In te.ting. For 
chips with POLYDIV. this resolution Is adequate 
•lnce the objective usually is only to perform 
go/nogo testing. But. when the functions consist 
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vided by POLYDIV may be barely adequate. Some 
suxili.ry test means may -be required to isolate to 
« faulty chip or a board. 

Pnivnlv*!! U OCCMlon * 1 Problem In board level 
POLYDIV that arises when off-the-shelf ICs are 
used for Implementation of functions. Due to 
unavailability of the chip's internal details, the 
•Ignature obtained by software models may differ 



from the actual device signature. Sometimes the 
same 1C may be received from different vendors. 
These ICs are usually equivalent functionally, but 
may not be so when tested with pseudorandom test 
vectors and may give rise to different signatures. 
The solution In both cases Is to use a known good 
device for generating the fault -free signature. 
But. the fault coverage analysis may still have to 
rely on the modelled device. 

3. FAULT COVERAGE OF POLYDIV SCHEMES 

The fault coverage of POLYDIV self-testing is 
contributed by two factors: the basic effective- 
ness of the PN-sequence generated by the input FSR. 
and the error coverage of the output FSR. Both 
factors may be affected by a choice of the charac- 
teristic polynomial, the number of stages in the 
FSRs. and the seed. The best measure of their 
combined effect is the fault coverage aa determined 
by fault simulation. The cost and accuracy of the 
fault coverage depends on the method of fault 
simulation employed. 

The fault-simulation techniques known today 
include hardware and software fault-insertion 
simulators, and parallel, deductive and concurrent 
fault simulators. Before using any of the tech- 
niques, one must ascertain how closely the fault 
simulation corresponds to the method of error/ 
fault detection by the data compressor. In actual 
POLYOIV testing (in field or factory), the faults 
remain present throughout the test run and are 
processed by all the test inputs, and the PASS/ 
FAIL decision Is made at the end of the test by 
checking the final signature. The fault-simula- 
tion technique and the model of POLYDIV employed 
should do exactly the same. 

This condition is readily met in either of 
the hardware or software fault-insertion simula- 
tors. The trouble with hardware fault simulators 
is that they are rarely available. The software 
fault-insert simulators take up too much of CPU 
time. 

A deductive fault simulator that assumes 
•ingle stuck-at faulte can be expected to follow 
the mechanism of error capture in data compressors 
if the model for the POLYDIV Is such that it eval- 
uates the output of the compressor only at the end 
of the test run. The deductive fault simulators 
consider all the single stuck-at faults slmul- 
taneously and, therefore, are generally faster 
than fault-insert simulators. However, since the 
compressor output la disabled until the end of the 
test run, it tends to cause phenomenal growth in 
fault lists of some of the nodes in the model. 
This adversely affects the execution of the fault 
simulation In two way,. First, if there are no 
internal protections in the program, the fault 
lists may overflow the disk storage even for a 
moderately sired model. Second, due to increased 
size of fault lists, and fault-list oscillations, 
processing time with each additional test vector 
grows exponentially. ThU offsets some of the 
possible time gain over the fault-Insertion simu- 
lator. 
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A more economical way of testing with deduc- 
tive fault simulators is to allow the model to 
obaerve all intermediate outputs of the compressor. 
The detection of faults la not inhibited as in 
previous methods, and the faults are removed from 
the fault lists sa they get detected by the applied 
patterns. (Some fault -simulation systems may have 
a user option to control the number "of times a 
fault must be detected before it is removed from 
further processing.) IMs limits the fault list 
growth and hence reduces demand on processing time 
and disk storage. The fault coverage predicted by 
this method Is not accurate, because faults are 
removed as they get detected and are not exercised 
by all the test vectors. Nonetheless, if the com- 
pressor has low error escape probability, the 
method provides much faster results with negligible 
loss of accuracy 1« most cases. Comparative re- 
sults of an experiment with the three methods Just 
discussed are given In Table 3.1. 



FAULT-SIMULATION 
METHOD 


X FAULT- 
COVERAGE 


TOTAL CPU 
TIME IN 
HOURS 


FAULT- INSERT: 
(SINGLE STUCJC-AT 
FAULT AT A TIKE) 


91.53 


54 


DEOOTTIVE: 
OBSERVE FINAL 
SIGNATURE ONLY 


91.53 


5.2 


DEOUCTIYE: 
OBSERVE ALL THE 
SIGNATURES 


91.78 


0.2 



Remarks: Total Number of Faults « 1229 
Hunter of Clock Cycles = 255 

TABLE 5.1 Fault Simulations of POLYDIV 
for 4X4 Blt^rray Multiplier 

6. SUMMARY AND CONCLUSION'S 

As VLSI systems become commonplace, more « n d 
more chips will have self -test features on them. 
Tvo basic requirements of self-testing, namely, a 
test vector source and a response evaluator, are 
efficiently and economically met by FSRs in the 
POLYDIV schemes, the testing Is done off-line at 
the system clock rate, and without need for gen- 
crating and storing the test vectors and the test 
responses. 

? € * 0LWnr tec ^ n ^«« i« best applied at the 
chip level - Due to the regular Internal structure 
Jf AV "«*ibllity 1" Signing at the time 
m*»r-H ? e r* t lo «~ nt . ^e technique can be imple- 
mented vith low Incremental transistor costs and 

H££i l € " 0rt * «Uo be 

and iL'lS^** 1<WU ° f «««*ly. b«t the cost 
end some of tbe design trade-offs are different. 

£o/no^! MV tc|£ - t " clo « provides .n excellent 
go/nogo type testing, but doe. not permit effective 
feuit isolation vithin the .elf-testing function. 



When the function Is implemented with several chips 
or boards, some auxiliary testing means may be re- 
quired to Isolate faults to a faulty chip or a 
board. 

The generality of digital networks may give 
rise to some design complications such as inade- 
quate/Ineffective test sequences, indeterminate 
signatures, multiple signatures and their storage, 
function type, application, and interface depen- ' 
dence of Implementation. Each of these problems is 
solvable. But. due to the absence of established* 
design rules, the solutions are not unique. 

The POLYDIV self-testing Is evaluated for its 
hardware costs and effectiveness in detecting 
faults. The incremental hardware cost Spends on 
the basic function complexity and the nature of 
FSRs used (Table 6,1). The best available measure 
of effectiveness Is the fault coverage obtained by 
single stuck-at fault simulations. The cost and 
accuracy of fault coverage depends on the method 
of fault simulation employed. 
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TABLE 6.1 Cost and Performance of Three Chip 
Level POLYOIV Schemes 

Due to simplicity of design and implementa- 
tion, and ability to give high performance with 
great convenience In testing and usage, the appli- 
cation of POLYDIV schemes for off-line self- 
testing Is expected to proliferate In the VLSI 
era. 
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APPENDIX 

Definition : If 1 ± is the 1 th response vector 
and P is the characteristic polynomial of the com- 
pression, then R t (Y 1 ) i« defined *s the remainder 
after t steps of dividing Y t by P. 

Theorem: The response compression of a se- 
quence of L-many vectors of r-blts each by an 
r-bit parallel compressor (parallel linear feed- 
back shift register) is equivalent to superposi- 
tion of L-many time -staggered polynomial division 
processes, each initialised and triggered by a 
response vector. The final signature is given by 

X - R L " 1 (Y l ) *R L * 2 (Y 2 ) ♦ ^R l (V t ) +*°(Y L > 




FIGURE Al Parallel Compression 

linearity of the process, the remainder in the next 
division step is mod -2 summation of the following: 

l # The remainder from the old remainder after 
one more step of division. 

2. The remainder from che previous response 
vector after one step of division. 

3. The new response vector. 

The process is recursively carried out until all 
the response vectors are exhausted. The signature, 
therefore, la modulo -2 summation of remainders from 
L-many t toe-staggered polynomial division 
processes. 

Theorem : Let the response sequence consist of 
L vectors of »-blts each. Assuming all error se- 
quences to be equally likely, the probability of 
detecting errors in the response sequence by an 
r-bit parallel compressor is given by 
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2^2 - 1 

mL . 
2-1 



Proof: For L response vectors of m-bits each, 

there are 2 <nt -l possible error sequences. Since 

an r-bit feedback shift register can have only 2 
mL 

distinct states, - I error sequences in the 
2 

response result in the same signature as the error- 
free signature, and hence remain undetected - 



Proof : The equivalent diagram of a parallel 
compressor in polynomial divider form Is shown in 
Figure Al. In each clock interval, the compressor 
forms a new remainder by subtracting the charac- 
teristic polynomial from the old remainder and 
adding a new response vector. (Addition and sub- 
traction are performed modulo-2.) This is equiv- 
alent to carrying out one step of the division 
process on the old remainder and adding to the 
remainder a new response vector. Due to the 



t It can be shown that an r-stage linear feedback 
shift register used as a parallel compressor 
sups 2 mL possible sequences into 2 r signatures 
uniformly. 



